We have isolated a gene from Escherichia coli homologous to the gene encoding the M, 83,000 Drosophila heat shock protein (hsp83). In E. coli the protein homologous to hsp83 is a heat shock protein called C62.5. The predicted amino acid sequence of C62.5 is 41% and 42% identical to the Drosophila and human hsp83 proteins, respectively. Selected regions of the protein have conservation as high as 90%. The gene encoding C62.5 (named htpG) is located between the dnaZ and adk genes at 11.1 minutes on the E. coli chromosome. The htpG gene appears to be a newly identified locus. The isolation of an E. coli homologue of hsp83 illustrates the remarkable conservation of heat shock proteins in evolution and will facilitate genetic and biochemical experiments aimed at determining the function of hsp83.
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When an organism is subjected to a sudden temperature increase of a few degrees, the synthesis of a small number of proteins is rapidly and strongly induced (1) . This phenomenon is called the heat shock response. This response was first discovered in Drosophila, but a similar response has now been reported in an extraordinary variety of organisms, including the prokaryote Escherichia coli (2, 3) . The universality of the heat shock response and the high degree of conservation of the induced proteins within eukaryotes suggest that these proteins are involved in important processes within the cell. Synthesis of the heat shock proteins in many organisms is also induced by viral infection, ethanol, azide, arsenite, and certain other toxic compounds; therefore, although the induction is more specific than a response to stress, it is also more general than just a response to heat (4) . Although these proteins may provide protection from the toxic effects of these treatments, the protective mechanism is unknown.
We have been studying the evolutionary conservation of the heat shock proteins. We have shown (5) that the dnaK gene of E. coli is homologous to the Drosophila gene encoding a Mr 70,000 heat shock protein (hsp7o). In this paper, we establish an additional similarity between the eukaryotic and prokaryotic heat shock systems. We have isolated a gene from E. coli called htpG that is homologous to the Mr 83,000 heat shock protein gene (Hsp83) of eukaryotes.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. The plasmid p82R, containing the Drosophila Hsp83 gene cloned into pUC13, was obtained from R. Blackman (Harvard University). The plasmid pLC30-3 from the Clarke-Carbon library, known to complement mutations in the dnaZX gene, was obtained from F. Neidhardt (University of Michigan) (6) . Four bacterial strains were used. Both X2844 [F-tsx462::TnJO, X-] and N43 [F-acrAl, ara-14, Alac-85, galK2 rpsL197, malAl xyl-5, mtl-1] were obtained from the E. coli Genetic Stock Center; CAG552 [zbc2l::TnlO (95% linked to purE) cycA2, cycAl, ilv277, metB5 hisS3, lac Y29, pdxC3, proC24, pyrF30, rpsL97, tonA32, tsx63, zylI4] was obtained from C. Gross (University of Wisconsin at Madison); and JC7623, which is AB1157 recB21, recC22 sbcB15, sbcC201 (7), was obtained from M. Nomura (University of California at Irvine). The strains containing TnIO insertions were used in cotransduction experiments, the acrA mutant strain was used for complementation tests, and the recB-, recC-, sbcB-strain was used for linear transformations.
General Methods. Gel electrophoresis, nick-translation, and Maxam-Gilbert DNA sequencing were done as described (5). Southern hybridization was carried out under nonstringent conditions [30% (vol/vol) formamide, 0.75 M NaCI at 37TC] as described (5) . The filters were washed in 0.75 M NaCl/0.075 M sodium citrate/0.2% NaDodSO4 at 37°C for 4 hr and then 50°C for 1 hr with changes of the wash solution every hour. Radioactive labeling of bacterial heat shock proteins with [3H]leucine and of plasmid proteins in minicells with [35S]methionine were as described in ref. 8 . Plasmid-encoded proteins were identified by comigration with heat shock proteins on two-dimensional O'Farrell gels (9) . An extract containing 35S-labeled plasmid-produced protein was mixed with a 3H-labeled extract from a heat-shocked E. coli culture. The mixed extract was resolved on a twodimensional gel and analyzed by differential autoradiography as described by Neidhardt et al. (6) .
Cloning of the htpG Gene. When E. coli genomic DNA was transferred to nitrocellulose and hybridized at low stringency with Drosophila Hsp83 probes, distinct bands of hybridization were seen. We cloned the hybridizing sequences into pBR322 by the following procedure. E. coli genomic DNA was digested with EcoRI and size-fractionated by agarose gel electrophoresis, and a 6-kilobase (kb) hybridizing fraction was then electroeluted from the agarose. After ligation with EcoRI-digested pBR322 and transformation into E. coli, the resulting partial library was screened by probing Southern blots of digests of mini-plasmid preparations with a Drosophila Hsp83 probe.
Mapping. To map the htpG gene on the E. coli chromosome, a kanamycin resistance cassette from pUC-4K (10) was inserted into the Sal I site in cloned E. coli DNA flanking the htpG gene. This kanamycin resistance marker was introduced into the chromosome by linear transformation (11) Hfr strains whose origins are distributed around the chromosome (obtained from C. Gross). The kanamycin resistance marker was then tested for P1 cotransduction with mapped TnJO insertions in the region as described in the results section. Genetic complementation by cross-streaking the acrA mutant strain N43 with strains containing ClarkeCarbon plasmid pLC30-3 was as described (12) .
Sequence Comparison. The amino acid sequences were Proc. Natl. Acad. Sci. USA 84 (1987) aligned using the program GAP (13) . GAP uses the algorithm of Needleman and Wunsch modified to allow the imposition of a gap length penalty. Identities were given a value of 1, mismatches were given a value of 0, gaps were given a value of -3, and the gap length penalty was 0.2. In this study the percentage identity is defined as the number of identical amino acids observed after alignment of the two sequences divided by the number of residues in the shorter sequence.
RESULTS
Hybridization of the Eukaryotic Hsp83 Gene to E. coli Genomic DNA. To determine whether E. coli contains sequences related to the eukaryotic Hsp83 heat shock gene, total E. coli DNA was digested with various restriction enzymes, transferred to nitrocellulose, and hybridized at low stringency with a probe made from a protein-coding portion of the Drosophila Hsp83 gene. As shown in Fig. 1 , a single band of hybridization was observed. After EcoRI-digestion, DNA was isolated from the region of the gel that had been shown to hybridize to the probe and was used to construct a plasmid library. Two out of the 144 plasmid clones screened hybridized to the Drosophila probe. One recombinant plasmid, plJi, containing a 6-kb EcoRI fragment was chosen for analysis.
DNA (14) . HS, heat shock promoter sequence. The 624-amino acid protein sequence resulting from translation of the 1875-base-pair open reading frame is shown above the DNA sequence. All of the sequence was determined on both strands of the DNA with the exception of base pairs 1390-1459 and 2030-2068, which were determined on one strand only. We sequenced across all restriction sites. The arrows indicate the inverted repeat structure of a potential transcription terminator. The promoter sequences upstream from the adk start were found by inspection so are enclosed in quotation marks. The sequence of adk and flanking DNA, base pairs 1858-2068, has been reported (15) . Our sequence differs from the published adk sequence at three positions: base pairs 1867, 1904-1906, and 1926. sequence of this region was determined, an open reading frame that could encode a protein of Mr 71,429 was found (Fig. 2) . A comparison of the predicted amino acid sequence of this open reading frame with the Drosophila Mr 83,000 heat shock protein (hsp83) revealed 41% identity (Fig. 3) . The human and yeast hsp83 proteins are 42% and 40% identical with the E. coli protein, respectively (17, 18) . If conservative amino acid substitutions are allowed in the comparison, the percent similarity between the E. coli and eukaryotic proteins is 57%. The homology extends for the entire length of the E. coli protein. Some segments show extreme conservation. Two 20-amino acid stretches near the amino terminus are .90% identical between the E. coli and eukaryotic sequences, and the region from amino acid 298 to amino acid 340 of the E. coli protein has 65% identity or 81% similarity. Two major segments of the eukaryotic hsp83 protein are absent in the E. coli protein homologous to hsp83. One deletion removes a highly hydrophilic stretch of 50 amino acids; the other deletion shortens the carboxyl terminus by 35 residues. As a result of these differences, the E. coli gene homologous to Hsp83 encodes a smaller protein ofMr 71,429. The amino acids in the regions missing in the E. coli protein are poorly conserved among the eukaryotic hsp83 proteins. Although the hsp83 homologous protein in E. coli has a Mr of -70,000, it shows no homology to the hsp70 protein of eukaryotes. This is expected because the hsp83 protein of eukaryotes is not homologous to hsp70. The protein in E. coli that is homologous to hsp70 is a heat shock protein called DnaK (5) . It has a Mr of 69,121.
The E. coli Protein Homologous to the Eukaryotic hsp83
Protein is the C62.5 Heat Shock Protein. Transcripts of the E. coli gene homologous to Hsp83 increase in abundance after a temperature upshift (14) . To identify which of the E. coli heat shock proteins is the hsp83 homologue, minicells containing a Pst I-EcoRI subclone of the E. coli gene on a plasmid were labeled with [35S]methionine. The E. coli protein synthesized in minicells comigrates during twodimensional gel electrophoresis with the C62.5 heat shock protein of E. coli (Fig. 4) . Since the gene encoding C62.5 was unknown, the C62.5 protein had been named by F. Neidhardt based on its coordinates on two-dimensional gels (8) . Although the structural gene had not been identified it was provisionally called htpG (for high temperature protein G) (3) . To confirm that the C62.5 protein is encoded by the open reading frame observed, an in-frame deletion derivative of the C62.5 clone was constructed in vitro. We fused the Alu I site at the codon for amino acid 15 to the Pvu II site at the codon for amino acid 620, removing all but 18 codons of the putative htpG gene. Minicells containing this plasmid synthesized only pBR322-encoded proteins. Furthermore, the amino acid composition and amino-terminal protein sequence predicted from the DNA sequence of the hsp83 homologue agree with those of the purified C62.5 protein (J. Spence and C. Georgopoulos, personal communication). We conclude that the E. coli hsp83 homologue is the C62.5 heat shock protein.
The Gene for C62.5 Is Located Between the dnaZ and adk
Genes. We reasoned that if htpG were located at a previously identified gene locus that information would help us understand the function of C62. (25) . The cytosolic form of this elongation factor in yeast is 32% identical to the E. coli protein (26) . Other very highly conserved cytosolic proteins include the main-stream enzymes glyceraldehyde-3-phosphate dehydrogenase at 51%-53% identity between prokaryotic and eukaryotic species (27) , triose phosphate isomerase at 45% (27) , and the heat shock proteins hsp70 at 49o-50% (5, 28 ) and hsp83 at 40%-42%. Therefore, the heat shock proteins are among the most conserved proteins known. Some regions of hsp83 are .90% conserved in all species for which the sequence is known. These regions where the sequence is highly conserved may represent functionally conserved regions of the protein. The extreme conservation of the heat shock proteins implies that these proteins may be performing the same or similar roles in all species.
The function of hsp83 is not known. In eukaryotes, cell fractionation studies indicate that it is an abundant, cytoplasmic protein and immunocytological localizations show diffuse cytoplasmic staining (29) . hsp83 has been reported to associate transiently with retroviral transforming proteins (30) , steroid hormone receptor complexes (31, 32) , and to bind to actin (33) . Only a small portion of hsp83 is found in such complexes, while the bulk of the protein sediments as a monomer (34) . It is not clear what physiological roles these associations may play. Although the E. coli hsp83 homologous protein, C62.5, has been identified as a protein whose synthesis rate is accelerated after heat shock, nothing is known about its functon. Identification of the gene for C62. 5 allows genetic and biochemical analysis that should help elucidate the role of hsp83.
